Noise reduction in quantum simulations of scalar

QED via qudit encodings:
Why physics has a qudit bias

Erik Gustafson

APS March Meeting
March 161 2022
Phys. Rev. D 103, 114505 (2021), arXiv:2201.04546,
FERMILAB-SLIDES-22-006-T

Erik Gustafson 1/14



Why does Lattice Gauge Theory need Quantum

Computers?

@ Some sectors of the : : : : :
standard model are ST ORI WY SRR S S
non-perturbative

@ Lattice Field Theory is SSS SRNSS SN SN, S——
systematically
improvable way to ... FS— 5 — SO -
compute
non-perturbative results . S SR S S -

@ Some standard model : : : : :
physics, e.g. S-S G U GRS, S
viscosities, are : : : : :
classically inaccessible
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So why do we care about qudits?

@ Our theories are infinite

dimension — regulate to SU(2)
finite resources i
@ Most discretizations of e N
U(1), Zn, don’t map onto sz "-,
powers of 2. s
e Discretizations of SU(2) T
and SU(3) don’t map onto i
powers of 2. @ $ 7, *
@ Fermions may be more !"'-.,. ,..""'.
compactly implemented by I
qudits rather than a ‘
collection of qubits. L Z2 e binany cesahedal oroup
~2Y.Ji, Phys. Rev. D(102), 114513 R
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So what are we simulating?’

Hamiltonian
Meson Creation
Gauge Strength J
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4 w4 2 T2\2 7z \2
+471$Z(Li— i+1)+4715((1)+(NS))

TParticIe Number

g? is the coupling strength, as is the spacing between lattice sites, UX
is not unitary
"Bazavov et al. Phys. Rev. D 92, 076003 (2015); Bazavov et al. arXiv:1512.01737;

Zhang et al. Phys. Rev. Lett. 121, 223201 (2018); Unmuth-Yockey et al. Phys Rev D
(98) 2018
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compact Scalar QED
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compact Scalar QED

matter fields
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compact Scalar QED

matter fields

AVAVARRVAVARRVAVARR VAVARRVAVARRVAVARRVAVARRVAVARRVAVARR VAVARR VAV

gauge fields
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compact Scalar QED

(L7 - I#,,) — scalar particle number
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compact Scalar QED

(L7 - I#,,) — scalar particle number

(L#)2 — photons (ish)
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compact Scalar QED
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compact Scalar QED

(= — Meson creation / annihilation operator
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Circuit Cost: qubits v. qudits?

0
o qubits ~—e— qudits .-
Sluz- -._.'O'""""""'"“"'"O'l
=
0
g
5
5
= i//
3 4 5 6 7 3 3
N for Zy

@ Qubit Gates: Arbitrary SU(2) + CNOT

@ Qudit Gates: Arbitrary SU(d) + Controlled Sum

1Phys. Rev. D 103, 114505 (2021), arXiv:2201.04546




Desired Observable: Two point correlator / mass gap

Correlator: (Q| Y, U~ e~ ™M Ut|Q)
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Desired Observable: Two point correlator / mass gap
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Parameter Selection: g?as = 5, 4 sites, 6t = 0.235,
truncate to 3 states

100 200 300

Trotter Steps



~—4— qubit Ny =200
—¢=+ qutrit Ny =200

—m— qubit Ny =80
~ qutrit N =80

Accuracy v. Two qubit Pauli error p»

—e— qubit Ny =40
=o- qutrit Ny =40

—— app. current qubits
app. current qutrits
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For equivalent error accuracies and precision Qutrits can be 100x
noisier than qubits
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Accuracy v. Amplitude damping time T4
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For equivalent error accuracies and precision Qutrits can have
10-100x longer T;
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Qubit v. Qutrit Both channels
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A qubit error bound quitrit error bound
20% 90T <0.0005 - 0.8013p, 19 < —0.618p23
10% T9or <0.0003 —0.9365p,, Lo < —0.774p23
5% 1oMor <0.0002 — 1.6456po, T < —1.091p5 5

@ Qubits need to have a 1 to 2 order of magnitude lower noise rate
than qutrits
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@ qutrits can reduce number of entangling gates by a factor of 3

@ qutrits can be 10-100x noisier than qubits and achieve same
physics

@ Straight forward encoding on quitrits

@ not obvious encoding on qubits when dim # 2"

o the tradeoff between decreased fidelity / gate and needing fewer
gates with qutrits might be worth it

@ on going work: non-Abelian gauge theories, e.g. D4; multiple sites
to 1 qudit; higher qudit states
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